ABSTRACT: This study investigated Zn-bearing zeolite clinoptilolite (Zn-ZCP) as a Zn supplement on performance, organ or tissue development, Zn accumulation in tissues, and gene expression of Zn transporters in the duodenum of broilers. A total of 300 1-d-old Arbor Acres chickens were randomly allocated to 5 dietary treatments with 6 replicate cages of 10 birds per treatment for a 21-d feeding period. The treatments comprised a basal corn-soybean meal diet without supplemental Zn (the control) or similar diets supplemented with 80 mg/kg Zn from ZnSO 4 or 20, 40, or 80 mg/kg Zn from Zn-ZCP, respectively. Supplementation of Zn-ZCP had a positive effect on G:F (linear, P < 0.05) and had tendency difference on ADG (linear, P < 0.1) of broilers during 1 to 21 d. Incremental Zn-ZCP inclusion in the diet increased the fresh weight of the pancreas (linear, P < 0.05) and tibia (linear, P < 0.05) in broilers on d 14. The same trend to the fresh weight of the tibia (linear, P < 0.05) and pancreas (linear, P < 0.05) was observed on d 21. Increasing Zn-ZCP level showed a linear response on Zn concentration in the liver (linear, P < 0.001), pancreas (linear, P < 0.05), and tibia (linear, P < 0.05) on d 14. The same trend of Zn concentrations in pancreas (linear, P < 0.05) and tibia (linear, P < 0.001) was observed on d 21. The mRNA levels of Zn transporter 2 (ZnT-2) and Zn transporter 5 (ZnT-5) in the duodenum of chicks fed the diet with 80 mg/kg Zn from Zn-ZCP did not differ from those of chicks fed the control diet, but both were lower (P < 0.05) than those of chicks fed ZnSO 4 diet. Metallothionein (MT) mRNA levels of broilers fed the diet supplemented with 80 mg/kg Zn from Zn-ZCP or ZnSO 4 was higher (P < 0.05) than that in the control group. Dietary treatments did not affect the mRNA expression of Zn transporter 1 (ZnT-1) or metal response element-binding transcription factor-1 (MTF-1). In conclusion, as a Zn supplement, Zn-ZCP was comparable to ZnSO 4 for enhancing Zn accumulation and growth performance of broilers during 1 to 21 d. Broilers fed the diet with 80 mg/kg Zn from Zn-ZCP had different expressions of ZnT-2 and ZnT-5 in the duodenum compared with those fed the ZnSO 4 diet.
INTRODUCTION
Zinc is an essential trace mineral for poultry (Walker and Black, 2004) . The form of Zn may affect its biological function in broilers (Bun et al., 2011) . The most common forms used in chicken diets are inorganic ZnSO 4 and organic Zn compounds (Huang et al., 2009; Star et al., 2012) . Zeolite clinoptilolite has been incorporated in animal diets as an enhancer of nutrient digestibility and growth performance (Mumpton and Fishman, 1977) . Zinc-bearing zeolite clinoptilolite (Zn-ZCP), as an inorganic antibacterial agent, has attracted attention due to its antibacterial properties (Hrenovic et al., 2012) . Previous studies have showed that Zn-ZCP is as efficacious as antibiotics (chlortetracycline) in enhancing growth performance and fighting Salmonella pullorum infection of broilers (Tang et al., 2014b; Wang et al., effect of zinc-bearing zeolite clinoptilolite on growth performance, zinc accumulation, and gene expression of zinc transporters in broilers 2012). Our previous study implied that Zn-ZCP modulated digestive enzyme activities, improved intestinal structure and function, and increased nutrient retention of broilers (Tang et al., 2014a) . However, whether Zn-loaded zeolite as a Zn supplement could increase Zn absorption and accumulation in broilers is not clear.
Zinc accumulation is associated with intestinal Zn absorption and transportation (Kambe et al., 2004) . It has been reported that intestinal Zn absorption is a carrier-mediated process (Condomina et al., 2002) . The family of Zn transporters (ZnT) including ZnT-1, and metallothionein (MT) are known to be key regulators of Zn absorption and transportation (Inoue et al., 2002; Liuzzi and Cousins, 2004) . Meanwhile, metal response element-binding transcription factor-1 (MTF-1) is involved in Zn transportation by regulating the expressions of MT and ZnT-1 genes (Laity and Andrews, 2007; Langmade et al., 2000) . However, whether these genes involved in Zn absorption are different in the duodenum of broilers fed ZnSO 4 or Zn-ZCP diet has not been elucidated. Therefore, this experiment was performed to evaluate the effect of Zn-ZCP on growth performance, tissues weights, Zn accumulation in tissues, and gene expressions of ZnT-1, ZnT-2, ZnT-5, MT, and MTF-1 in the duodenum of broilers.
MATeRIALS AND MeTHODS
The experimental design and procedures were approved by the Institutional Animal Care and Use Committee of Nanjing Agricultural University (Nanjing, China).
Bird Husbandry, Diets, and Experimental Design
A total of 300 1-d-old Arbor Acres chickens obtained from a commercial hatchery (Hewei, Anhui, P. R. China) were randomly divided into 5 groups with 6 replicates of 10 birds (half male and half female) for a 21-d feeding period. The initial BW of broilers were 40 ± 0.2 g and did not differ among treatments. Dietary treatments included a basal corn-soybean meal diet without supplemental Zn (the control) and similar diets supplemented with 80 mg/kg Zn from ZnSO 4 or 20, 40, or 80 mg/kg Zn from Zn-ZCP, respectively. The basal corn-soybean meal diet (Table 1) contained 29.1 mg/kg of Zn for the starter (d 1 to 21) diet. Diets were formulated to meet NRC (1994) requirements for all nutrients except Zn. Zinc source from ZnSO 4 or Zn-ZCP was mixed with cornstarch to the same weight and mixed with each aliquot of the basal diet.
Replicates of groups were placed in each row of the cages and housed in a temperature-controlled room with continuous lighting. The temperature of the room was maintained at 32 to 34°C for the first 3 d and then reduced by 2 to 3°C per week to a final temperature of 25°C. Birds were allowed ad libitum access to mash feed and water. Birds were weighed and feed consumption was recorded by replicate to calculate ADG, ADFI, and G:F (g gain/g feed). Mortality was also recorded and the data were included in the calculation of G:F.
Preparation of Zn-Bearing Zeolite Clinoptilolite
Zeolite clinoptilolite was provided by Zhenjiang Dantu Maoshan Zeolite Company (Zhenjiang, P. R. Chi- The Zn-ZCP was prepared using an ion exchange method according to Wang et al. (2012) and Tang et al. (2014b) . Zeolite clinoptilolite was first calcinated at around 350°C for 2 h in a muffle furnace. After cooling, clinoptilolite was added (1:10, wt/vol) into a ZnCl 2 solution (Zn concentration was 2.5 mol/L). The mixture was blended at 70°C, pH 4.5, and 120 rpm within a constant temperature oscillator for 4 h. The suspension was then further separated by centrifugation at 4,550 × g for 15 min at 25°C. The sediments were repeatedly washed by deionized water until there was no white deposition in the washed solution when adding to AgNO 3 solution (0.1 mol/L). Finally, the washed sediments were collected and dried at 105°C for 2 h in a forced-air oven and then ground through a 200-mesh sieve. The amount of Zn adsorption onto clinoptilolite was 16.67 mg/g, as determined by inductively coupled plasma mass spectrometry after dissolution (Optima 2100 DV; PerkinElmer, Vacaville, CA).
Sample Collection
At d 14 and 21, 6 birds (1 chicken/replicate) were randomly selected and weighed after feed deprivation for 12 h. Chickens were killed by cervical dislocation and necropsied immediately. The pancreas, liver, and tibia were removed and stored at -20°C for further analysis.
At d 21, the middle section of duodenal mucosa from the killed chickens fed the control diet and the diets supplemented with 80 mg/kg Zn from ZnSO 4 or Zn-ZCP were taken and then frozen in liquid nitrogen for mRNA expression analysis .
Organ or Tissue Weight
The pancreas and tibia were weighed for fresh weights (g). Relative weights of pancreas and tibia were calculated as fresh weight of organ (g)/BW (kg).
Determination of Zn Concentration
The digestion of samples was conducted using the electric heating method according to Huang et al. (2009) . Exactly 0.5 g of pancreas, liver, tibia, or 1 of the 6 diets were weighed and digested with 10 mL HNO 3 :HClO 4 (4:1 vol/vol) acid mixture at 160°C in a 50-mL glass tube until the solution became clear. The solution was evaporated to almost dryness and diluted to 25 mL with 2% HNO 3 in a volumetric flask. Zinc concentrations in diets, pancreas, livers, and tibias were determined by inductively coupled plasma mass spectrometry (Optima 2100 DV; PerkinElmer). Validation of the mineral analysis was conducted using bovine liver powder (GBW (E) 080193; National Institute of Standards and Technology, Beijing, China) as a standard reference material.
Messenger RNA Quantification
Total RNA was isolated from duodenal mucosa on d 21 using RNAiso reagent (TaKaRa Biotechnology, Dalian, Liaoning, China) following the manufacturer's protocol. Purity and concentration of total RNA were measured by using NanoDrop ND-1000 UV spectrophotometer (NanoDrop Technologies, Wilmington, DE). Then, RNA samples were diluted in diethyl pyrocarbonate-treated water to 500 ng/μL. Reverse transcription of total RNA was performed using PrimeScript RT reagent Kit (TaKaRa Biotechnology). The geometric means of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and β-actin were used to normalize the genes of interest as recommended (Vandesompele et al., 2002) . Primers for MT, ZnT-1, ZnT-2, ZnT-5, MTF-1, β-actin, and GAPDH genes were specifically designed according to the sequences located in GenBank (Huang et al., 2007 (Huang et al., , 2009  Table 2 ). Quantification of mRNA was performed on ABI 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA) using SYBR Premix Ex Taq II (TaKaRa Biotechnology). Optimized cycling conditions of all genes were 95°C for 30 s followed by 40 cycles of 95°C for 5 s, 60°C for 31 s, and final dissociation stage of 95°C for 15 s, 60°C for 1 min, 95°C for 15 s, and 60°C for 15 s. All measurements were completed in triplicate, and the average values were obtained. Relative mRNA levels (arbitrary units) were calculated on the basis of PCR efficiency and threshold cycle values as previously described (Pfaffl, 2001) . The mRNA level of each target gene in chicks fed the diet with 80 mg/kg Zn from ZnSO 4 was assigned a value of 1, and the 2 -∆∆Ct method was used to analyze the relative expression.
Statistical Analysis
Data were analyzed by 1-way ANOVA using SPSS statistical software (version16.0 for windows; SPSS Inc., Chicago, IL). Polynomial contrasts were used to determine the linear and quadratic effects of dietary Zn-ZCP inclusion level. Difference among treatment was examined using Tukey's test, which were considered significant at P < 0.05, and P-values between 0.05 and 0.1 were considered a trend. The means and total SE (SEM) are presented.
ReSULTS

Growth Performance
Growth performance of chickens fed the diet supplemented with Zn-ZCP or ZnSO 4 is shown in Table 3 . Compared with the control group, Zn-ZCP treatment had tendency difference on ADG (linear, P < 0.1) of broilers during 1 to 21 d, G:F was improved linearly (P < 0.05) by the addition of Zn-ZCP during 1 to 21 d, whereas ZnSO 4 supplementation improved the G:F of broilers (P < 0.05). Average daily feed intake was not affected by supplementation of Zn-ZCP or ZnSO 4 (P > 0.05).
Organ or Tissue Weight
Compared with the control group, incremental Zn-ZCP inclusion in the diet increased the fresh weights of the pancreas (linear, P < 0.05) and tibia (linear, P < 0.05) in broilers on d 14 as well as the fresh weight of tibia (linear, P < 0.05) and pancreas (linear, P < 0.05) on d 21 (Table 4) . Zinc sulfate supplementation increased the fresh weight of tibia in broilers on d 14 (P < 0.05) and 21 (P < 0.05) compared with the control group.
Tissue Zn Accumulation
Tissue Zn concentrations of chickens fed Zn-ZCP diets during 1 to 21 d is presented in Table 5 . Zinc concentration in liver (linear, P < 0.001), pancreas (linear, P < 0.05), and tibia (linear, P < 0.05) of birds fed the diets with increasing Zn-ZCP level showed a linear response on d 14. The same trend of Zn concentration in pancreas (linear, P < 0.05) and tibia (linear, P < 0.001) was observed on d 21. Compared with the control, chickens fed 80 mg/kg Zn from ZnSO 4 had higher Zn concentrations in tissues on d 14 (P < 0.05) and 21 (P < 0.05).
Messenger RNA Expression
The mRNA levels of ZnT-2 and ZnT-5 in the duodenum of chicks fed the diet with 80 mg/kg Zn from Zn-ZCP did not differ from those of chicks fed the control diet, but both were lower (P < 0.05) than those of chicks fed ZnSO 4 diet (Table 6) . Metallothionein mRNA levels of broilers fed the diet supplemented with 80 mg/kg Zn from ZnSO 4 or Zn-ZCP were higher (P < 0.05) than that in the control treatment. Dietary treatments did not affect the mRNA expression of ZnT-1 or MTF-1.
DISCUSSION
Different Zn sources had positive influence on the growth performance of chicks (Huang et al., 2009; Star et al., 2012) . In the present trial, incremental levels of Zn-ZCP increased G:F and tended to improve ADG during 1 to 21 d, which was in agreement with Hu et al. (2013) , who reported that broiler chickens fed 60 mg/kg Zn as a ZnO-montmorillonite hybrid had higher ADG and lower feed to gain ratio than those fed the basal diet, which was more effective than 60 mg/kg Zn from ZnO. In addition, the present data showed that Zn supplementation at 20, 40, or 80 mg/kg from Zn-ZCP 1 ZnT-1 = Zn transporter 1; ZnT-2 = Zn transporter 2; ZnT-5 = Zn transporter 5; MT = metallothionein; MTF-1 = metal response elementbinding transcription factor-1; GAPDH = glyceraldehyde 3-phosphate dehydrogenase.
2 ID = identification. GenBank ID for those genes are according to Huang et al. (2007 Huang et al. ( , 2009 was as efficacious as 80 mg/kg Zn from ZnSO 4 for growth performance. The superior effect of Zn-ZCP on growth performance may be attributed to the antibacterial effect and improvement of gut health by Zn-ZCP (Tang et al., 2014a,b; Wang et al., 2012) . Moreover, enteric pathogens and virulence factors are adhered to zeolite surface, which minimizes their pathogenic impacts on growth performance (Ramu et al., 1997; Wu et al., 2013) . In addition, Zn plays a vital role in numerous biological processes as a component of many enzymes and is essential for growth (Coleman, 1992) .
Zinc is essential to the development of animal organs with a high content in bones and liver (Jackson et al., 1989; Swinkels et al., 1996) . Sun et al. (2005) reported that Zn deficiency had a negative effect on organ weight or growth performance of animals. Morgan et al. (1988a,b) found that Zn supplementation to diets increased weights of animal pancreas, liver, and bone as well as recovered tissue function. In addition, bone Zn a-d Different letters in the same column denote significant difference at P < 0.05.
1 Zn concentrations (mg/kg) of liver, pancreas, and tibia based on fresh tissues.
2 Control = basal corn-soybean meal diet without supplemental Zn.
3 Contained 16.7 mg Zn/g zeolite.
4 n = 6. 1 Messenger RNA level of each target gene in chicks fed the diet with 80 mg/kg Zn from ZnSO 4 was assigned a value of 1 (arbitrary units).
content is considered to be the most sensitive index for Zn bioavailability assay (Sandoval et al., 1997; Zhang and Guo, 2007) . In the present study, the fresh weight of the tibia and pancreas and Zn accumulation in the liver and tibia of birds fed with increasing Zn-ZCP levels (20, 40, or Wheatley et al., 2006) and drugs (Rivera and Farias, 2005) , which controlled the drugs or nutrients to be released slowly, improved their duration of action or biological effects. Those findings imply that Zn-ZCP may modify the rate, time, or site of Zn release, which would improve the biological effect of Zn and therefore benefit Zn accumulation, tissue or organ weights, and growth of broilers. To investigate the difference between Zn-ZCP and ZnSO 4 on Zn accumulation, mRNA levels of related ZnT genes in the duodenum of chicks were measured in the present study. Zinc transporter 5 has been found to transport Zn from the intestinal lumen into the enterocytes, which is upregulated by low Zn in the enteric cavity (Cragg et al., 2005) . In this study, expression of ZnT-5 mRNA in the duodenum of chicks fed a ZnSO 4 diet (103.9 mg/kg Zn of diet) was higher than those fed the control diet (29.1 mg/kg Zn of diet). This result was opposite to the previous studies showing that Zn supplementation resulted in a downregulation of ZnT-5 mRNA level (Yu et al., 2008) . This can be partly explained by the fact that ZnT-5 has 2 isomers, which are capable of bidirectional (uptake or efflux) Zn transportation, and regulates intracellular Zn level by its expressions on Zn content in enterocytes (Valentine et al., 2007) . Moreover, different ZnT-5 mRNA levels in the duodenum of broilers fed the diet supplemented with 80 mg/kg Zn from ZnSO 4 or Zn-ZCP implied that 2 Zn sources may have different ZnT-5-mediated Zn transport pathways.
Zinc is absorbed and sequestrated through ZnT-2 by intracellular vesicles (Cousins et al., 2006) . In this study, addition of 80 mg/kg Zn from ZnSO 4 increased ZnT-2 mRNA levels compared with 80 mg/kg Zn from Zn-ZCP, indicating that Zn in ZnSO 4 or Zn-ZCP transported from enteric cavity to cytoplasm may not be identical. The current findings are consistent with the result of ZnT-5 mRNA levels, which may be partly attributed to the controlled-release function of zeolite (Wheatley et al., 2006; Rivera and Farias, 2005) .
Zinc transporter 1 can regulate the efflux of Zn from the enterocytes into the serosa and reduce the intracellular steady Zn concentration (Liuzzi and Cousins, 2004) . Some studies found that Zn supplementation reduced the ZnT-1 mRNA levels in human ileal mucosa, the rat colon, and Caco-2 cells (Cragg et al., 2005; Pfaffl and Windisch, 2003) . However, we found that 80 mg/kg Zn from ZnSO 4 or Zn-ZCP did not affect ZnT-1 mRNA levels in the duodenum of broilers. The reason for the discrepancy among the abovementioned research studies was partly explained by the fact that different intestinal segments were used. In addition, as a bidirectional (uptake or efflux) ZnT, whether ZnT-5 replaces ZnT-1 with Zn efflux transport requires further study. Moreover, the transcriptional regulation of ZnT-1 was mediated by MTF-1, which is activated by Zn to bind to metal response elements in the gene promoter (Laity and Andrews, 2007; Langmade et al., 2000) . This study suggested that MTF-1 mRNA levels in the duodenum were not different among dietary treatments, which was in agreement with the result of ZnT-1 mRNA.
Metallothionein, an extensively studied protein modulated by Zn level, helps to regulate the intracellular levels of free Zn (Davis and Cousins, 2000) . This study showed that 80 mg/kg Zn from ZnSO 4 or Zn-ZCP increased the MT mRNA levels in the duodenum of broilers, which was in accordance with Levenson et al. (1994) , who demonstrated that a high-Zn diet elevated the MT mRNA level in the rat intestine. Langmade et al. (2000) reported that MTF-1 activated by high Zn mediated the upregulation of MT mRNA expression. The different expressions between MTF-1 mRNA and MT mRNA suggested that MT mRNA expression may be also regulated by other factors, such as the basic helixloop-helix upstream stimulatory factor-1 (Andrews et al., 2001 ).
In conclusion, incremental levels of Zn-ZCP improved growth performance, tissue weights, and Zn accumulation in tissue of broilers. As a Zn supplement, Zn-ZCP was comparable to ZnSO 4 for enhancing Zn accumulation and growth performance of broilers during 1 to 21 d. Broilers fed the diet with 80 mg/kg Zn from Zn-ZCP had different expressions of ZnT-2 and ZnT-5 in the duodenum compared with those fed ZnSO 4 diet. 
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